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The purpose of this study was to investigate the gasification kinetics of biomass char, such as the wood 
portion of Japanese cedar char (JC), Japanese cedar bark char (JB), a mixture of hardwood char (MH) and 
Japanese lawngrass char (JL), each of which was obtained as a by-product of gasification in an entrained- 
flow type gasifier with steam and oxygen at 900-1000 °C. Biomass char was gasified in a drop tube fur¬ 
nace (DTF), in which gasification conditions such as temperature (T g ), gasifying agent (C0 2 or H 2 0), and 
its partial pressure (P g ) were controlled over a wide range, with accompanying measurement of gasifica¬ 
tion properties such as gasification reaction ratio (X), gasification reaction rate (R g ), change of particle size 
and change of surface area. Surfaces were also observed with a scanning electric microscope (SEM). By 
analyzing various relationships, we concluded that the random pore model was the most suitable for 
the biomass char gasification reaction because of surface porosity, constant particle size and specific sur¬ 
face area profile, as well as the coincidence of R g , as experimentally obtained from Arrhenius expression, 
and the value is calculated using the random pore model. The order of R g was from 10 -2 to 10 -1 s -1 , when 
T g = 1000 °C and P g = 0.05 MPa, and was proportional to the power of P g in the range of 0.2-0.22 regard¬ 
less of gasifying agent. Reactivity order was MH > JC > (JB, JL) and was roughly dependent on the concen¬ 
tration of alkali metals in biomass feedstock ash and the O/C (the molar ratio of oxygen to carbon) in 
biomass char. 

© 2008 Elsevier Ltd. All rights reserved. 


1. Introduction 

As renewable sources of energy are being steadily introduced in 
many countries, for example, with the EU announcing that it in¬ 
tends to supply 20% of its overall energy needs from renewable 
sources by 2020, emphasis on biomass as a renewable source is 
growing. Accordingly, the development and establishment of ad¬ 
vanced biomass utilization technologies are urgently required 
tasks. Among the more promising technologies, gasification and li¬ 
quid fuel synthesis through gasification have the advantage of ra¬ 
pid conversion from large amounts and various kinds of biomass 
to easily storable and transportable gas or liquid fuel. 

We developed a 240 kg/day-scale pilot plant under the auspices 
of a national project by the Ministry of Agriculture, Forestry and 
Fisheries of Japan [1]. Biomass was gasified in an entrained-flow 
type gasifier with steam and oxygen, the reactor of which was 
heated by an electric furnace, with methanol successfully synthe¬ 
sized from the product gas. The basic gasification properties of 
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many kinds of biomass, including wood, grasses, agricultural resi¬ 
dues and energy crops, were investigated to produce gas suitable 
for methanol synthesis. Based on pilot plant experiments and re¬ 
sults, we developed a 2 ton/day-scale test plant, in order to verify 
system operations, to analyze gasification properties and to estab¬ 
lish a gasification model for the design of a commercial scale plant 
in the context of a national project organized by the New Energy 
and Industrial Technology Development Organization (NEDO) [2]. 
This test plant was the first successful complete system for synthe¬ 
sizing methanol with a stand-alone entrained-flow gasifier, in 
which 2 ton of biomass per day were gasified with steam and oxy¬ 
gen to produce gas suitable for methanol synthesis and to generate 
heat so as to maintain a sufficiently high temperature for gasifica¬ 
tion without external heating. Although the cold gas efficiency and 
methanol synthesis yield of the test plant were quite high (>60% 
and >20wt%, respectively), and the estimated performance of a 
commercial plant is considerably higher (the cold gas efficiency 
>75% and methanol synthesis yield >40wt%), both would be im¬ 
proved of approximately 5% by gasifying char (char recycling), 
which is a by-product of gasification. 

A number of studies have been performed on char produced 
from several kinds of biomass to coal, which were usually pyro- 
lyzed in inert gas for a long enough period of time to ignore the 
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Nomenclature 



^0 

ash content in char before gasification in the DTF (%) 

S 

micro pore surface area per unit solid volume (including 

A 

ash content in char after gasification in the DTF (%) 


voids) (m 2 /m 3 ) 

Aa 

pre-exponential factor (1/s) 

So 

initial micro pore surface area per unit solid volume 

Co 

carbon content in char before gasification in the DTF (%) 


(including voids) (m 2 /m 3 ) 

c 

carbon content in char after gasification in the DTF (%) 

Sa 

specific surface area (m 2 /g) 

dp 

median diameter (pm) 

t 

reaction time in the DTF (s) 

£a 

activation energy (kj/mol) 

Fg 

temperature of the DTF (°C) 

Fc 

carbon flow rate in supply char (g/h) 

X 

reaction ratio of biomass char calculated from gas com- 

F'c 

carbon flow rate in char after gasification in the DTF (g/ 


ponent in the DTF (-) 


h) 

X* 

reaction ratio of biomass char calculated from char con- 

Fg 

carbon flow rate in gasifier gas (g/h) 


tent in the DTF (-) 

K r 

reaction rate of the char when X = 0 (1/s) 

X c 

carbon conversion ratio of biomass in the test plant or 

to 

initial micro pore length per unit solid volume (includ- 


pilot plant (-) 


ing voids) (m/m 3 ) 

X e 

estimated reaction ratio of biomass char with Eq. (5) (-) 

N 

the exponent number of the partial pressure of the gas- 

x m 

measured reaction ratio of biomass char calculated from 


ifying agent for the gasification reaction (-) 


the gas component in the DTF (-) 

Pco 2 

partial pressure of C0 2 (MPa) 

£o 

initial void percentage (-) 

pg 

partial pressure of the gasifying agent (MPa) 

•A 

structure parameter (-) 

f^H 2 0 

partial pressure of H 2 0 (MPa) 



Pt 

total pressure (MPa) 




effect of their volatile materials, and several models have been 
based on these studies [3-6]. However, it was also reported that 
gasification properties of char were strongly dependent on the con¬ 
ditions of pyrolysis; the gasification reaction rate of rapidly pyro- 
lyzed char with H 2 0 or C0 2 was three times faster than that of 
slow-pyrolyzed char [7], and char pyrolyzed at higher than 
1200 °C was thermally deactivated [8-9]. Moreover, biomass was 
partially combusted in the entrained-flow gasifiers, and the possi¬ 
bility therefore had to be considered that the gasification kinetics 
of biomass char, gasified with 0 2 and H 2 0, were different from 
the previously reported results. 

The purpose of this study was to investigate the gasification 
kinetics of char obtained from the 2 ton/day-scale test plant and 
from the 240 kg/day-scale pilot plant by using a drop tube furnace 
(DTF), and to formulate the reaction rates. 

2. Methods 

2.2. Biomass sample 

Four kinds of biomass char were selected, consisting of the 
wood portion of Japanese cedar (JC), Japanese cedar bark (JB), a 
mixture of hardwood (MH), and Japanese lawngrass (JL). Japanese 
cedar is the most widely available woody biomass in Japan. MH is 
often mixed with waste wood or thinned wood. JL, which is also 
common in Japan, was selected as a representative grass. Only JL 
char was obtained from the aforementioned 240 kg/day-scale pilot 
plant, the temperature distribution of which was similar to the 
2 ton/day-scale test plant. 

The chemical analysis data for the test samples are shown in Ta¬ 
ble 1. The ash content of JC is the lowest of the four kinds of bio¬ 
mass. Although the elemental components of JB (C, H, O and ash) 
are similar to the wood type samples (JC and MH), its gasification 
properties are different due to high lignin content. The gasification 
properties of JB char were expected to be different from other bio¬ 
mass char. While potassium is known to accelerate the gasification 
reaction, many potassium salts vaporize at around 900-1000 °C, 
and the high potassium content of MH affects the gasification prop¬ 
erties of MH and MH char. The rate of the gasification reaction is 
proportional to surface area, and the small surface area of JL char 
is attributable to its high Si0 2 content, just as with any kind of grass. 


Each sample was classified between 50 and 100 pm (except for 
JL char, the maximum size of which was under 50 pm), and dried 
for 10 h at 50 °C. 

2.2. Char analysis 

Physical properties such as specific surface area, size distribu¬ 
tion, and surface state of biomass char before and after gasification 
with DTF were analyzed. The specific surface area of biomass char 
was determined by physisorption of N 2 , and the sorption isotherms 
were analyzed using the BET-method. The size distribution of bio¬ 
mass char was analyzed with a granulometer, and the surface state 
of biomass char was observed by means of an SEM. 

2.3. Experimental apparatus 

Fig. 1 shows a schematic view of the drop tube furnace (DTF) 
employed in the gasification tests. The pre-mixed gasifying agent 
(C0 2 or H 2 0) and inert gas (N 2 ) were distributed to a pre-heater 
and char feeder, and then introduced into the reactor. The char fee¬ 
der was a rotational knife-edge type, with char feeding into the 
reactor at a constant rate of 1-10 g/h. A ceramic cylinder with an 
inner diameter of 30 mm and a length of 500 mm was used as the 
reactor. Divided two-stage electric heaters surrounded the reactor 
in order to control the gas temperature within. The reaction time 
in the reactor was adjusted between 0.5 and 3 s by changing 
the height of the inlet through which biomass was delivered 
into the reactor and by changing the flow rate of the gasifying agent. 
The gasifying agent flowing through the reactor was heated with an 
electric heater to a predetermined value in the range of 900- 
1200 °C, while the pressure in the reactor was controlled by means 
of a pressure valve at the gas outlet. Total pressure (P t ) and the 
partial pressure of the gasifying agent (P g ) were set at 0.4 MPa 
and 0.025-0.3 MPa, respectively. Exhaust gas was analyzed with a 
gas chromatograph after water was removed with a gas cooler. 

3. Results and discussion 

No current model precisely expresses the gasification reaction 
of biomass char, since a spherical shape is assumed in every model, 
while the actual shape of char is different. However, the random 
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Table 1 

Elemental and chemical analyses table for test samples (dry basis) 



Biomass feedstock 





Ash content of biomass feedstock 



Biomass char 



X c 


C 

H 

O 

Ash 

Extract 

Lignin 

Holo 

Si0 2 

AI 2 O 3 

Fe 2 03 

CaO 

k 2 o 

Na 2 0 

C 

H 

O 

Ash 

(%) 


(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 

(wt%) 


JC 

50.4 

6.0 

43.1 

0.36 

2.8 

32.2 

65.0 

4.0 

0.9 

2.9 

36.0 

13.4 

1.8 

72.5 

1.4 

10.4 

15.7 

96.l c 

JB 

49.7 

5.6 

41.4 

0.90 

3.0 

40.5 

56.5 

31.7 

8.0 

3.5 

25.2 

7.0 

2.0 

75.6 

1.3 

11.5 

11.6 

88 . 2 C 

MH 

48.2 

5.8 

45.1 

0.74 

3.0 

24.6 

72.4 

1.5 

0.7 

1.0 

35.3 

18.3 

0.6 

62.3 

1.4 

14.6 

11.5 

95. 6 C 

JL a 

47.1 

6.1 

37.9 

6.38 

3.5 

18.4 

78.1 

75.1 

4.9 

2.2 

5.9 

3.7 

0.4 

13.0 

0.3 

1.6 

85.1 

97.9 d 

Coal b 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

81.7 

0.7 

2.4 

14.1 

— 


a After pre-treatment. 
b Referenced from [11]. 
c Gasified with 2 ton/day-scaled test plant. 
d Gasified with 240 kg/day-scaled pilot plant. 



Fig. 1. Schematic flow of the drop tube furnace (DTF). 


pore model is the most suitable, as explained in Section 3, because 
measurable properties averaged over huge numbers of char parti¬ 
cles of various shapes converge to those of spheres. We determined 
the parameters of the model from temperature to pressure 
dependences. 

3.1. Model selection 

Fig. 2 indicates the relationship between the median diameter 
(d p ) of biomass char and the gasification reaction ratio (X), which 
is defined as 

x =r c (1) 

where F g and F c represent the amount of carbon in exhaust gas and 
in the supplied char, respectively. The reaction models that include 
particle size change such as the shrinking core model [3] are not 
suitable for the present data, because the values of d p depend only 
slightly on the value of X when X < 0.8. That is, the surface of the 
tested char is not uniform such that the gasification reaction ini¬ 
tially occurs only at weak areas, and particle size (determined as 
the maximum outer dimension) is, thus nearly constant when 
X < 0.8. With respect to JC, JB and MH char, the effect of d p on the 
gasification reaction can be ignored, since the d p of these char types 
are in the range of 70-80 pm. 



Fig. 2. Profile of median diameter of biomass char during gasification in DTF; 
dashed lines are the range of mean diameter measured with a granulometer. 


The accuracy of this experiment is mainly dependent on mea¬ 
suring X because measurement of particle size d p is considerably 
more precise and reliable. Here, in order to estimate the accuracy 
of experimental data, X was also calculated from char collected 
in a char filter installed downstream from the reactor [10]. 



CA 0 

C 0 A 



where C 0 and C represent the carbon concentration in char before 
and after gasification in the DTF, respectively. A 0 and A also repre¬ 
sent the ash content in char before and after gasification in the 
DTF. Fig. 3 compares X A and X. As a result, it was found that the 
experimental data were reliable because the difference between X 
and X A was within about 10%. 

Fig. 4 shows SEM images of JC char particles before and after 
gasification when X was about 0.8. It is observed that the d p distri¬ 
butions of JC char are nearly constant before and after gasification 
regardless of the gasifying agent, although the sizes of the pores in¬ 
crease, which confirms the analyzed results of constant char parti¬ 
cle size distribution in a granulometer (Fig. 2). Given the porous 
surface and constant particle size, we subsequently examined the 
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Fig. 3. Comparison of reaction ratio of JC char calculated from gas component (X) 
and that calculated from char content (X A ). 


random pore model [11] and the grain model. Although micro 
pores, where the gasification reaction mainly occurs, are too small 
to be observed by SEM, the porous surface of char suggests the 
growth of micro pores inside. As no ash melting or degradation 
was observed, the surface of JC char is also about the same after 
gasification regardless of the gasifying agent. Hence, gasification 
kinetics of biomass char is well formulated by means of analyzing 
the profile of surface area of biomass char during gasification in the 
DTF. The surfaces of the other kinds of char are also porous as 
shown in Fig. 5. With respect to JL char only, the surface is rough 
and it is assumed to physically break down easily. Table 2 shows 
S a for each char type before gasification measured using the BET- 
method. In particular, the S a of JL char is much smaller than the 
others, as well as being characterized by a smaller d p (Fig. 2). JL 
char was observed to physically break down prior to sufficient 
growth of the micro pores, due to the high Si0 2 content in the JL 
ash (Fig. 5) melting the micro pores and blocking growth. 

The random pore model assumes that the reaction occurs on the 
inside surface of the micro pores, which occupy most of the surface 
area of the particles. According to the progress of the reaction, the 
surface area of the micro pores increase initially due to the growth 
of the diameter, and then decrease as the expanded pores overlap 
each other. The surface area of micro pores is described by the fol¬ 
lowing equations 

| = (l-X)^/l-^ln(l-X) (3) 

where 

(4) 

The gasification reaction is assumed to occur at the micro pore sur¬ 
faces, only where the gasification agent (H 2 0 or C0 2 ) exits. The gas¬ 
ification reaction rate (R g ) is proportional to S : 

dX /- 

Rg= dF = kr( 1 -X) V 1 -^ ln ( 1 - x ) ( 5 ) 

where the gasification reaction rate (fc r ), equal to the value of R g 
when X = 0, was formulated as below [11]: 


fcr 



x=o 


PgA a exp 




The structure parameter (i//) of JC char was determined by fit¬ 
ting the obtained S/S 0 profile at each stage of gasification to the cal¬ 
culated value of the right side in Eq. (3) [12]. The relationship 
between X and the dimensionless surface area ratio (S/S 0 ) ofJC char 
is shown in Fig. 6. The specific surface area (S a ) initially increases as 
the gasification reaction proceeds, then decreases. When 
X= 0.3-0.4, S a reaches the maximum for both H 2 0 and C0 2 . H 2 0 
is observed to be more reactive than C0 2 . The values of iff are esti¬ 
mated to be approximately 10 for JC char. 

When applying the grain model, the calculated dependence of 
R g on X, which is subject to steady decrease, is not consistent with 
the experimental data (Fig. 6). The grain model was, therefore, 
deemed unsuitable. 

Fig. 7 shows the measured time dependence of X for JC char, 
X m (t; T g , P g ), at 900, 1000 and 1200 °C, and in H 2 0 or C0 2 , the par¬ 
tial pressure of which was controlled to be approximately 0.2 MPa. 
X e (t; k r ) can be estimated by integrating Eq. (5) and by inserting 
i/j = 10 and X e (0; k r ) = 0. Each line was drawn by adjusting k r to 
minimize the sum of squares of the errors, J^(X m - X e ) 2 . Each esti¬ 
mated dependence, X e (t; k r ), was well-fitted with the experimental 
values, X m (t; T g , P g ), especially when T g = 1200 °C, thus confirming 
that the random pore model was the most suitable and that the 
structure parameter of ten was the best estimate. The measured 
range of t was limited when T g = 900 or 1000 °C because gas flow 
in the DTF became unstable when t > 3 s. Although measurement 
accuracy at 900 or 1000 °C was not especially high compared to 
that at 1200 °C, R g = dX/d t in H 2 0 was apparently lower than that 
in C0 2 when T g = 900 °C, about the same when T g = 1000 °C, and 
higher when T g =1200°C. Temperature dependence is discussed 
in the Section 3.2. 


3.2. Determining model parameters for formulation 

In order to formulate the gasification reaction, X m of four kinds 
of char were measured under various conditions and each 
k r = P g (X = 0) was estimated. 

3.2.2. Dependence of the gasification reaction rate on temperature 

The dependence of k r = P g (X = 0) on the temperature of the DTF 

(T g ) is represented in Fig. 8. Thick lines and thin lines indicate the 
linear fittings of JC when P g = 0.05 and 0.2 MPa, respectively, and 
the dashed line references reported coal char data when P g = 
0.25 MPa [12]. The measured k r for both H 2 0 and C0 2 gasifications 
were linearly dependent on 1 /Tg, which is known as the Arrhe¬ 
nius expression. It was confirmed that the random pore model 
was the most suitable among those examined for biomass char 
gasification. 

From the linear fittings, activation energy (E a ) was estimated to 
be 136 or 93.9 kj/mol for H 2 0 or C0 2 gasification, respectively. The 
estimated F a of JC char was within the reported range correspond¬ 
ing to coal char (89-246 kj/mol in H 2 0 and 96-297 kj/mol in C0 2 at 
950 °C, when P g = 0.03 MPa, respectively), depending on fuel prop¬ 
erties such as the pore structure of char, constituents of ash, char 
formation conditions and carbon structure [13]. In general, E a of 
biomass char in the case of C0 2 gasification is larger than for 
H 2 0 gasification, especially when temperature is lower than 
950 °C [13,14]. With regard to these experimental results, E a of JC 
char for H 2 0 gasification was measured as being larger than in 
the case of C0 2 gasification. Takarada et al. also found the same 
tendency of reactivity for coal char having a low fuel ratio [13]. 
Moreover, similar results were obtained in other studies [15-16]. 
Ye et al. reported nearly the same value of E a (131 kj/mol for H 2 0 
gasification and 91 kj/mol for C0 2 gasification) with south Austra- 
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(a) Before gasification 



(b) After gasification in CO2 



(c) After gasification in H2O 


Fig. 4. Comparison of the surface state of JC char before and after gasification (X = approximately 0.8) in DTF; graphics are SEM images. 


lian low-grade coal, and explained that the difference in rates for 
these two reactions is due to a greater number of active sites gen¬ 
erated by H 2 0 than by C0 2 [15]. 

Accordingly, it was considered that E a for H 2 0 gasification tends 
to be higher than C0 2 gasification under conditions of high gasifi¬ 
cation reaction rate such as at high temperature (more than 
950 °C), with biomass or low-grade coal. It appears that multiple 
factors are involved, including the pore structure, the carbon struc¬ 
ture, the number of active sites, and the obstruction of gasification 
by generated H 2 or CO in the micro pores due to the high gasifica¬ 
tion reaction rate. Furthermore, the tested char was generated at a 
high concentration of H 2 0, unlike the cases generally reported. It is 
also possible that this difference in char formation conditions af¬ 
fects the value of E a . However, the mechanism of the difference 


of E a between the gasifying agents has not yet been clarified, owing 
to its complexity. 

The order of R gJ when X = 0, was between 10 -2 and 10 1 s -1 for 
both H 2 0 and C0 2 gasifications, at P g = 0.05-0.2 MPa and T g = 900- 
1000 °C, and was five times larger than that of coal char made by 
means of de-volatilization of sub-bituminous coal with a low fuel 
ratio (1.07). This high reactivity is inherent in biomass char and 
not attributable to the difference in the char-making processes, be¬ 
cause the value of R g obtained for the tested biomass char is the 
same order as that of rapidly pyrolyzed char in inert gas. Zhang 
et al. reported a gasification reaction rate of 10 _2 -10 _1 s _1 on cof¬ 
fee grounds and JB char, rapidly pyrolyzed in advance at 1200 °C in 
a DTF, when X = 0, P C o 2 = 0.2 MPa and T g = 1000 °C [17]. The R g of 
the tested char was assumed to be greater than for pyrolyzed char, 
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(a) JB 



(c) JL 



Fig. 6. Profile of JC char dimensionless surface area during gasification in DTF; plots 
are the experimental data, and lines are calculated values using the random pore 
model. 



Fig. 5. Comparison of the surface state of JB, MH, and JL char before gasification in 
DTF; graphics are SEM images. 


Fig. 7. Gasification reaction ratio (X) of JC char during H 2 0 or C0 2 gasification when 
P g = 0.2 MPa with DTF; lines were drawn by estimating X (t; k T ) through integration 
of Eq. (5) and insertion of i/j = 10 and X (0; k r ) = 0. 


Table 2 

Specific surface area of biomass char (dry basis) 


(m 2 /g) 

JC 

184 

JB 

379 

MH 

204 

JL 

40 


since pyrolysis and the gasification reaction occurred faster when 
0 2 and H 2 0 exists. 

On the other hand, the value of P g obtained for each char type is 
greater than the reported gasification reaction rate values for bio¬ 
mass char [14,18]. It was considered that the difference of R g be¬ 
tween the tested char and reported values is due to the 


difference in char-making conditions. Generally, char was made 
at relatively low temperatures (approximately 800-900 °C), with 
a low heating rate for sufficient time in inert gas in order to ignore 
the effect of volatile matter. The quick de-volatilization of the fuel 
in rapid pyrolysis favors the formation of char with high porosity 
and high reactivity [19]. 

3.2.2. Dependence of the gasification reaction on the partial pressure of 
gasifying agents 

Fig. 9 shows the dependence of k r = R g (X = 0) on P g . Solid lines 
connect the experimental data of each char type under the same 
conditions except P g . 

R g of JC char is proportional to the 0.22 power of P g at 900- 
1200 °C regardless of the gasifying agent. Accordingly, the pre¬ 
exponential factors (A a ) of JC char were estimated to be 
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1200°C 1000°C 900°C 



i/r g (K _1 ) 


b 1200°C 1000°C 900°C 



i/r g (K'‘) 


Fig. 8. Dependence of the gasification reaction rate of char ( R g ) according to the 
random pore model on the temperature (X = 0, above: in H 2 0 gasification, below: in 
C0 2 gasification): thick lines and thin lines were drawn by connecting the 
experimental data for JC when P g = 0.05 and 0.2 MPa, respectively, with the dashed 
line referencing reported coal char data when P g = 0.25 MPa [11]. 

9.99 x 10 4 and 2.24 x 10 3 s" 1 MPa -0 22 for H 2 0 and C0 2 gasifica¬ 
tions, respectively. 

Based on the above results, the gasification reaction rate ( R g ) of 
JC char was estimated as below 

H 2 0gasification : R g = P 022 9.99 x 10 4 exp 

(1 -X)J\ - 101n(l -X) 

C0 2 gasification : R g = P 022 2.24 x 10 3 exp 

(1 -X)J\ - 101n(l -X) 



j PH 2 o(MPa) 



Fig. 9. Dependence of the gasification reaction rate of char (R g ) according to the 
random pore model on the gasifying agent partial pressure (P g ) (X = 0, above: in H 2 0 
gasification, below: in C0 2 gasification): solid lines were drawn by connecting the 
experimental data for each type of char. 

The values of n of the other kinds of char are also in the range of 
0.2-0.22. These exponent numbers are smaller than previously re¬ 
ported values. For example, the exponent numbers of grapefruit 
char and coal char, pyrolyzed over 1-2 h at 700-1000 °C, are re¬ 
ported to be 0.5-0.6 and 0.32-1.1, respectively [13,20]. 

These results indicate that biomass char, which is gasified with 
at least 4 s in steam and oxygen at 900-1000 °C, has a high reactiv¬ 
ity even at low P c o 2 or P Hl0 , probably because oxygen and hydrogen 
remain in the char. With regard to hydrogen, Rassel et al. reported 
that hydrogen remaining in the char after pyrolysis at 1000 °C con¬ 
tributed to high reactivity of the char [21,22]. The oxygen in organ¬ 
ic carbons or chemical compounds, given by subtracting carbon, 
hydrogen, nitrogen, sulfur and ash from 100%, still amounted to 
10-20%, regardless of the kinds of biomass, because oxygen with 
metal (metal oxide) was counted as ash in the analysis, although 
the percentage of carbon and hydrogen in biomass char decreased 
with gasification progress as shown in Fig. 10. However, the exis- 
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Fig. 10. Profile of C, H and 0 concentration in char during gasification; dashed lines were drawn by connecting averaged experimental data. 


tence of oxygen and its reaction kinetics in char are issues for fu¬ 
ture study. 

3.3. Comparison of the reaction rates of each type of char 

The C0 2 or H 2 0 reactivity order of the tested char is 
MH>JC>(JB, JL) as indicated in Fig. 9. The concentration of 
(I< 2 0 + Na 2 0) in biomass feedstock ash is related to the value of 
R g for biomass char as shown in Fig. 11. This result is of practical 
interest for the utilization of unknown biomass as gasification 
feedstock, because R g is estimable from (I< 2 0 + Na 2 0) content. 
The catalytic effect of alkali metals on progressing gasification 
reactions is well known [23], and Feng et al. reported the effects 
of inorganic additives such as alkali metals to cellulose [24]. It is 
generally assumed that the catalytic effect takes place in a catalytic 
redox cycle, in which the oxygen is transferred to the carbon sur¬ 
face from the metallic catalyst present in this surface [25]. The ef¬ 
fect of (I< 2 0 + Na 2 0) for F1 2 0 gasification is observed to be stronger 
than for C0 2 gasification, and there is a possibility that other fac¬ 
tors are related. 

Additionally, oxygen in char is considered to increase the char 
reactivity, because O/C (the molar ratio of oxygen to carbon) of 
char is also roughly dependent on R g (Fig. 12). Takarada et al. also 
concludes that O/C related with R g on coal char [13]. O/C is also 



Fig. 11. Relationship between the concentration of alkali metals in the ash of 
biomass feedstock and the gasification reaction rate of char (R g ) (X = 0,1000 °C, and 
P g = 0.2 MPa); dashed lines were drawn by connecting the experimental data for 
each type of char. 
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Fig. 12. Relationship between the O/C of char and the gasification reaction rate of 
char (R g ) (X = 0,1000 °C, and P g = 0.2 MPa); dashed lines were drawn by connecting 
the experimental data for each type of char. 

useful for estimating the R g of unknown biomass, although it is 
subject to char-making conditions. On the other hand, other char 
properties such as the carbon conversion ratio from biomass feed¬ 
stock in the 240 kg/day-scale pilot plant or 2 ton/day-scale test 
plant (X c ), H/C or S a of biomass char are unrelated to R g (Tables 1 
and 2). 

4. Conclusions 

We investigated the gasification kinetics of four kinds of bio¬ 
mass char obtained from an entrained-flow type gasifier with 
steam and oxygen at 900-1000 °C, using a drop tube furnace. The 
tested char had high reactivity, which was five times greater than 
that of coal char formed through de-volatilization of sub-bitumi¬ 
nous coal with a low fuel ratio (1.07). This higher reactivity also re¬ 
mained at a relatively low partial pressure of gasifying agent 
(P g = 0.5 MPa). It is considered that not only the original high reac¬ 
tivity of biomass char but also rapid pyrolysis and oxygen remain¬ 
ing in char are related. 

By applying these data to the random pore model, based on con¬ 
siderations involving surface porosity, constant particle size, spe¬ 
cific surface area profile, we formulated the gasification reaction 
rate (P g ) of Japanese cedar (JC) char in H 2 0 or C0 2 . These equations 
are useful for many applications, such as designing a char recycling 
system or an entrained-flow type gasifier itself. Additionally, we 
found that the C0 2 and H 2 0 reactivity order was MH>JC>(JB, 
JL) and was related to the concentration of alkali metals and the 
O/C in biomass char. Accordingly, when other kind of char are used, 
the R g of biomass char can be estimated in advance from the con¬ 
centration of alkali metals in biomass feedstock and the O/C of bio¬ 
mass char. 
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